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SYNOPSIS

tie develop criteria for the optimum choice of design paramcters for
simple stractures that can fail or be damaged under gravity loads or under
their comvination with eartihjuakes. Structurxal properties and most of fail-
ure depend on the live load present when the earthquake occurs. We assume
that the structure is either full or capty, which is appropriate for audito-
riums. The case nf a continuous sradation of damaged states is examined.

Lills GiENeRAL DPROBLEW

Assuming additivity of utilities, optimization in structural design
gmounts to maxiazization of the objective function

1= -¢C~-L )

where 3 is benefits derived from the structure's existence, C its initial
cost, and L losses due to failure (damage or collapse). These quantities
are expected present values. They are functions of the vector of design pa-
rameters x. The problem consists in finding the optiwual X, xb. We shall
treet {1 as a continuous function of X, but the basic concepts can be ex-
tended to a discrete~variable approach.

we shall discount future values through the actualization function
g(t) = exp(-Yt), where t is time, counted from the instant when the struc-
ture is completed, and Y is the actualization rate.

Let a specific design ne defined by the vector of (random) structural
properties X and denote the vector of the corresponding nominal or design
values by x (x is a functional of the probability distribution of X).

As long as the structure does not fail, benefits derived from its exist-
ence usually decrease slowly with the nominal wniform load xgq it can carry
and with x because of a decrease in rentable area and other secondary effects
(which can be substantial in tall buildings). Given a type of failure or
level of damage the reliability function increases with these two parameters.

L is given by the sum of losses Hjj incurred in transition from state i
into j (state U corresponds to the structure as built), multiplied by the
corresponding values of g. In general, Hjj depends on the time when the
transition takes place and on the live load acting at that instant; there
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are several transitions from i to j, for the structure can 5o repairad and
rebuilt. If H is a continuous function of structural responses, we repiace
the sum with an integral with respect to these responses.

B is the sum of terms of the form Jbig dt, where by is the prnefit per
unit time derived from existence of the structure in state i, ant cach in-
tegral covers the interval during which the structure is in ¢ givsn state.
If the structure is systematically restored to its initial state and we
treat the reduction in bgpefits during restoration as a contribution o L,

B equals approximateiy J; bpg dt, the benefits thal would be produced by tae
structure if it never entered a limit state.

These expressions can be put in terms of transition probabilities,
which depend on the live load preseat at the instant of pissnoe into a now
limit state. In what follows we shall consider special cases that fulfill
certain stationarity conditions.

v

B=NEFITS ANu LOSSES: COLLAPSE Tiid OWLY LIWIT STATE

Suppose that, under the sole action of gravity, the structure can fail
upon complstion or shortly thereafter, tnd t'=t it c:r rlsc fril unior eopth-
queke action; that the only type of failure it #dinits is ccllapse; that live
load is either zero or some finite value kps snd tiut the structure has one
degree of freedom under gravity load and cne un.ior carti.uake, This iy an
idealization of some ruditoriuwms. ¥p is the weight of pecple filling e
auditorium.

Suppose furtler that the structure is rebuilt systenctically after
failure and tiat C, Hg), ond the failure prebabilities are independent of
k =~ the number of tiwes that the structuy: {ails and is rebuilt,

Failure due to ravity loads occurs if [y 2 Xqs where Ug is the loed
effect with full auditorium and X; is the resistance to verticel loads. Ug
and X, are random variszbles., Ug = U, + Cps where subscript e refers to eupty
auditorium and p to live load. In linesr systems, Uy = Swel d& and Up =
Saw,IdA, whore w is losd per unit zrea, I is iailuence ordinrte, A is zrea,
end a is a dynsmic mregnification factoxr, We assume that o cvemtually reaches
some maximun velue whencver the auditorium is ifwii. In plastic structures I
is the orcdinste of thHhe feilure mechanism. We assume that the space distri-
bution of live load is the same in all load applicitions and that o = 1 while
the structure is responding to esrthguake.

Under the circuwstances tlie structure, cither as built or sfter one or
more collapses and reconstructions, survives until the occurrence of & suf-
ficiently strong esrthquake.

He will denote the loss in cese the anditorium fails wiile espty, Hy if
it fails when full, and Hp = tf - He will be taken proportional to .

The failure probability under gravity loads, with eupty suditorium, is

Fe = P(Ug * X3)
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©
= 50 ng(u) py, (w) du (2)

where P(*) without subscript is the probability that the event in parenthesis
be true, and with subscript it is a probability distribution function; p is
the corresponding probability density function.

The failure probability under gravity loads, with full auditorium, given
that the structure did not fail while empty, is

P(Ue < Xy & Uf) = Ff - Fe 3)

where F¢ = P(Ug * Xg). The expected loss caused by failure due to gravity is

FeHe + (Ff - Fe)Hf = FfHf - Fellp. It follows from eq 3 that the expected
loss due to gravity is

@© k=1
. FfAfr - FGHE ()

I”Ff

Now idealize earthquakes as a generalized Foisson process. Let X de-
note the resistance to these disturbances and Y the maximum response to one
such event, so Y 2 X implics failure. In general, X and Y are functions of
hg and ¥,. Suppose that the auditorium has a weight We a fraction ye of the

time, znd Wg = Wg + Wp a fraction gy =1 - qe of the time,

To compute the probability distribution of the failure rate under earth-
quake action, write

z F (z/2) (Z2/Y) (Y/3) (X/X)x (5)

where x is tie eominal or design value of X and z is the computed value of
ithe random variable &, which is some parameter of round motion (say, maximum
ground acceleration or velocity), We can treat factoxrs in eq 5 as stochasti-
cally indepencent, wlhile x is deterministic. Probability distributions of
z/z have been propesed for the case when Z is coumputed from earthquake magni=-
tuce and focal distance (1). Distributions are also available for Z/Y, given
z (ref 2, for example, derives the distributiom of responses of damped
single~deqree systems rormalized with respect to the expected undamped re-
sponse; we can treat this expectation as 4; the literature contains results
for other types of structures). The distribution of X/x can be assigned on
tite basis of the distributions of meterial properties, geometriczl discrepan-
cies between drawinygs end the actual structure, and errors in formulas of
analysis.

Giver z we can obtain the rate Y(z) at which it is exceeded. ¥e czn use
a Foisson wodel of seismicity (3), accoxdin; to which, over @ wide range of z,

Y(z) = az"r 6)

wiiere a and r are constants that depend on the meaniny of z and on the site
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the structure is to be erected; r lies botweer 2 and 4.,

The feilure rate is the mean rate at which z » gx, where g = (X/x)
(Z/Y)(z/2). Given g we can finc the failure rate from

Ax) =Y (Ex)

Since g is a random variapble, so is A. Usually it is reasscnable to as-
sign In # a normal distribution. Its expectation and variasce cqual the sum
of those of the logarithm of X/%, 4,Y, and z/<. This zllows computing the
required statistics.

If the structure is not rebuilt, the expected present veolue of the loss
due to failure is Ly = Eﬁ{ﬁgig dt), but since f = » exp (=it}

O .
Ly = gouy, e” W g

.. ABH .
= h%~*3) (7)
Ordinarily the intcrvals during which the auditorium is full or e.pty
are short relative to the most significant values of A”*, Then we caun write,
with good accuracy,

L] = YelleEe + agifEf (8)
_ ke.f
where Eq = E@q;]?:rqﬂ
* [

and subscripts e and f refer to empty end full avditorium.

If the structure is rebuilt systematically, we get the expccted present
value of losses due to seismic failures of the emnty zuditorium:

@ Gatab
- kL Jdelete

and a similar expression for failures of the full auditoriuu. lience, the
expected present value of the losses due to eartihquake is Lg = Lg + Ly, or

_ QeHeEe  qpligE _
LS“l"Ee*‘I-Ef 9
Combining with eq 4 we find

. debe 4fEf
L =Ly + 7 B T - Ef) * L

Ge qar
g G TR T s (10)

Here Eg ¢ must be computed subjected to the condition that the structure has
not failed under gravity loads. At the same tiwe, B = fg bga dt.
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BENEFITS AND LOSSES: NONSTRUCTURAL b iGE

Under more general conditions damages wrought by the first ezrthquake
are functions Hg ¢ of Y, Curve in fig 1 is a schenmatic version of contrac~
tor's estimates of the corresponding losses in rentability and costs of re-
pair, based on photographs of laboratory-testecd masonty pancls. If the
structure is repaired or rebuilt systematically and left in & state proba-
bilistically identical with the structure as originnlly built, ard if it can
be damaged by earthquake only but can undergo collapse under ezrthquzke or
gravity load, eg 10 still applies but Ee and Lf cosrespond te Yi, the de-
formation causing collapse, while

Y] He Y] les . uHeE .
e’e —cei ek e 1 (1
Ls = Qe ‘80 1 - ee dy + qf(jo ] - ef qy + 1 = E‘f !

where H§ = dHe/dY, AHcis the loss incremrnt due to collspse, and eg f are the
values of Ee, f @ssociated with deformation Y. This solutien is consistent
with the assumption that the probability distributions of structural parame-
ters for either empty or full auditorium are »lways the same hufore the oc-
currence of an earthquske. If the structure does not collapse, ancther ac-
ceptable assumption may be tiat it is restorued te its concition rs built,

Neither hypothesis is altoyether realistic. Since the dispersion of 4
is large, results obtained from the two ussumptions differ substantially;
moreover, tlle true :nswer docs not nucessarily lie between them. The wetter
deserves detailed study in representative cases. For the sake of brevity we
shall adopt the first hy;othesis.

Systematic repairing does not clways ccnstitute the best policy. For
example, if H is proportional to Y, eys & and 10 leed to infinite L. Given
H{Y), there is some value of i} below which the structure shwouid be left in
the damaged stete. while the structure remains druaged there is a reduction
in benefits per unit time. If & sufficiently strong earthguake occurs, the
damage is large enough to justify repnir, ond benefits per unlt thoe resune
their original value. For the mode! we have postulated, though, the value of
H above which repair is justified is higher when yravity loads cap cause
failure, for rebuilding after one such failure restores the hensfits por unit
time to bg. The oppesite may hold when earthquake damuge weakens Lhe struce
ture under gravity lc :-,

OPTIMIZATION
Once B, C, and L are expressed in terms of x5y and x, the pair of values
of these parameters must be found which maximizes fl . Trial znd error,
mathematical programming, or othzr methods can he usod for the purpose.
When I3 is insensitive to Xy and x it suffices to minimize C + L.

EXAMELES .

The following examples are deemed typical of conditions in the city of
Acapulco, Guerrero, in Mexico. 1In the first one the only possible limit
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state is coliapse. In the second, earthquake damage is a function of maximum
seismic response, as shown by the dasnhed line in fig 1. The pertinent param-
eters for the first exawple are, in units of tons and dollaxs, We = 150, var-
iable Wpe @ = 2.4, Hy = 50 000, Hp = 30 006 Wp Y = 0.08/yr, C = 45 000 +
1000 ngwe + 45 000 x/Wg. (This expression for T is bzsed on analyses of
typical frames.) [ere x denotes the nominel resistance to base shear. The

structure rests on firm ground and its natural period is sufficiently short
that the base shear can be taken equal to the yground acceleration times the

d
auﬁztor1ur weight. Also, ln Xg/xg = ln By = N(C,02),% 1n ﬁy N(1.20, G.20),
In #z N(-d la, 1.02) (1), snd ¥= 30 Wi z ~2.70 yr"1 4).

The computed optimal x and Xg are shown in fig 2 for qf = 0.2. The
dashed line corresponds to Hy = 3uC U00 R,. The optimal central safety
factors for gravity loads are displayed in fig 3. The optimal safety factor
for ¥e is 1.88. That for Wy can be taken as 2.6 without serious error, as
it only differs significantly from this value when xp4<< Wo.

" ke can define an equivalent live load, say ®¥), to be used in earthquake
resistant design, such that the base shear coefficient that, when multiplied
by 1.88 %, gives the design bhase shear for hb = 0, should when multiplied
by 1.88 We + ¥y, produce the proper base shear for Wp:> O. From figs 2 and

3 it follows that ¥)/ai, lies between 1.79 and 2.05.

In this case the live load that is used for design against gravity loads
should be approximately doubled in seismic design.

Parameters assumed for the second example are the cause as for the first,
The computed optimum x and Xg are shown by dot-dash lines in fig 2.

CONCLUDING REMARKS

We examined reliability optimization in the seismic design of audito-
riums regarded as structures whose properties are time dependent. System-
atic repair and reconstruction is not always the best policy. There is a
level of damage below which the structure should not be repaired. This
policy must be defined at the design stage.

Seismic design can be formulated in a traditional format using an equiv-
alent live load, which is not necessarily smaller than in design for gravity
loads. The approach is awkward in that design live loads for roofs depend
on the expected number of people on the floor below. Explicit optimization
seems more desirahle.
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¥ meaning that the probability distributions of these variables are normal
with expectation zero and standard deviation 0.2.
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Fig | Loss function for structural members supporting or
enclosing wall or partition panels (based on ref 5)
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Fig 3 Optimal central safety factors for gravity loads
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